The application of the Carbon Dioxide Enhanced Oil Recovery (CO 2 -EOR) to an offshore oilfield in Vietnam has been investigated through an international joint study between Japan and Vietnam since 2007. In order to reduce and mitigate uncertainties and risks for future field scale application, a CO 2 -EOR pilot test was conducted in the Rang Dong field, offshore Vietnam in 2011.
Introduction

Project Background
JOGMEC (Japan Oil, Gas and Metals National Corporation), JX-NOEX (JX Nippon Oil & Gas Exploration Corporation) and PVN (PetroVietnam: Vietnam Oil and Gas Group) have implemented the CO 2 Huff-n-Puff pilot test in 2011 by utilizing one of the Vietnam offshore sandstone reservoirs to evaluate the technical feasibility of CO 2 -EOR application in the target oilfield: the Rang Dong field (Fig. 1 ).
Before this field application, detailed laboratory and reservoir simulation study have been implemented in conjunction with CO 2 source investigation study in order to evaluate the project feasibility as Phase I study (Kawahara et al. 2009; Matsumoto et al. 2009; Mitsuishi 2011 ).
Followed by the Phase I study, CO 2 Huff-n-Puff pilot test was carefully designed to meet technical and operational requirements. The test is designed as a short period test with small amount of CO 2 injection followed by flowback operation using the same CO 2 injection well. Based on the compositional reservoir simulation study for designing this test, oil rate increase and water cut reduction was estimated as well as fluid composition change. Reservoir fluid saturation change in each layer was also simulated by sweeping the near wellbore oil by CO 2 injection. In order to confirm the simulation prediction, careful monitoring plan was prepared and implemented.
As a result, the test was concluded operationally and technically successful by collecting wide variety of data including produced oil, gas and water rates, reservoir pressure, fluid composition and reservoir saturation. No critical operational problem was encountered during the whole CO 2 injection and flowback process by the careful preparation and collaborative operation teamwork (Giang et al. 2012 ).
The Rang Dong Field and Characteristics of the Target Reservoir
The Rang Dong field is located in the Cuu Long basin, 120 km offshore southern Vietnam and lies in the same NE-SW structural trend with the Bach Ho oilfield to the southwest. Part of the target reservoir is marine sandstone reservoir alternating with shale with thickness of several tens of centimeters to meter order at the depth of 2,100 mss (Fig. 2) . Light oil (38°API) has been produced from the fairly good permeable sandstone with some pressure support from peripheral aquifer and the reservoir condition is considered suitable for CO 2 -EOR from the reservoir pressure and fluid compatibility point of view. Since the test well is located in the western flank of the field, high water saturation and high reservoir pressure were expected considering the surrounding producing wells' production history. The target section in the well however has not put to production since the producing section of the well was deeper fractured granitic basement section. To implement the test, the target section was re-completed.
CO 2 Huff-n-Puff Test Overview
The test was conducted as a single-well Huff-n-Puff operation. CBL (Cement Bond Log) was run first in order to secure that the injected CO 2 will go into the target zone without bypassing behind the casing. Then the well was flowed to confirm the productivity and to establish the initial stable production condition. CO 2 was injected into the well and the well was flowed again after the soaking. In order to confirm the CO 2 -EOR effects, the following items were monitored during the test: The operations were carried out by using the cantilever type drilling rig. CO 2 injection operation was conducted by using a supply boat. The produced fluids after CO 2 injection were received at the test separator and flared at the burner on the rig as shown in Fig. 3 . Accordingly, no CO 2 contaminated fluids flowed into the existing facilities during the test.
Pre-flow operation was conducted in order to confirm the well oil productivity and water cut. By this flow, 950 B/D of average oil production with 50-60 % water cut were observed. Produced oil gravity was about 36°API.
After clean-up the well, the well was shut-in for the wireline logging including RST#1 (Reservoir Saturation Tool) to confirm the original reservoir saturation profile of the target CO 2 injection zone.
Then, 111 tons (or 2.1 MMcf) of CO 2 was injected into the reservoir without any major problems such as plugging.
After the completion of CO 2 injection, two-day soaking time was secured in order to mix and react CO 2 with the reservoir oil sufficiently. During the soaking time, the second RST (RST#2) was run to confirm the reservoir oil saturation changed by CO 2 injection.
When flowback started, production fluid was mostly CO 2 during the initial several hours. After that, liquid production started with decreased CO 2 concentration in the gas phase. No water production was observed during the initial one day and oil production rate started to increase to 1500 B/D (550 B/D increase) as shown in Fig. 4 . After one day production, water cut started to increase to about 45 % by the end of the flow back operation. Oil production rate also decreased down to about 900 B/D with increased water cut upto about 50 %. As shown in Fig. 5 , 36°API of original oil gravity became lighter (37.5°API) after CO 2 injection. Oil composition change by CO 2 injection was also clearly observed (the medium component (C7-C14) increase from 43 % to 53 % and the heavier components (C31+) decrease from 15 % to 7 % and increase again to 15% at the final Post Flow period). These changes suggest lighter components of oil were extracted into the injected CO 2 .
After the flowback operation, the third RST (RST#3) was run to confirm the reservoir saturation change by the flowback operation. Then, the well was opened for a short period for PLT (Production Logging Tool) and bottomhole fluid sampling.
As discussed in detail in the following section, three RST logging results indicated clear reservoir fluid saturation change by CO 2 injection.
Cased Hole Logging for CO 2 Huff-n-Puff Test Logging Program and its Objectives
To monitor the reservoir saturation change at the injection and flow-back processes, a logging program was designed to evaluate the formation fluid saturation at different stages with following four suites:
Suite #1
Run#1: GR (Gamma Ray) -VDL (Variable Density log) -CBL (Cement Bond Log) -USIT (USI (UltraSonic Imager) tool: cement evaluation log) Run#2: GR -SS (SonicScanner: sonic log) Suite #2 Run#1: GR-RST (RST#1) Run#2: GR-CFRT (Cased-hole Formation Resistivity Tool) Suite #3 Run#1: GR-RST (RST#2) Suite #4 Run#1: GR-RST (RST#3)
To establish the baseline fluid saturation, related properties and conditions in the reservoir before injection, cased hole resistivity (CFRT) and pulsed neutron (RST) logs were run. The pulsed neutron log was repeated after CO 2 injection while soaking and again after flow-back of CO 2 to confirm that the reservoir had returned to the same condition as the baseline. The well has full suites of wireline logs including GR, Resistivity, Density, Neutron Porosity, Sonic, Resistivity Image, CBL, etc. obtained when drilled and also can be treated as baseline survey.
The cased-hole resistivity measurement can be more directly compared to the open-hole deep resistivity log and any changes in saturation can be computed using the same interpretation method. The pulsed neutron saturation was compared to that derived from resistivity to confirm that they both have consistency and avoid any apparent saturation changes caused by the different interpretation methods. After that, time-lapse pulsed neutron measurements were used to monitor the saturation changes. The cased-hole resistivity tool CFRT was only run in the second suite because low resistivity (in the order of several ohm.m) of the target reservoir since CO 2 shall cause higher resistivity than the reservoir has and will mask the change of the resistivity in the reservoir and also the tool was too large to pass through the minimum restriction in the test string with minimum ID of 3.813 in.. Quantitative evaluation of the saturation change with this resistivity tool was hardly expected.
The pulsed neutron log consisted of one sigma pass and five spectral inelastic and capture (IC) passes to derive the carbon/oxygen ratio (C/O) (Stoller et al. 1993 ; Harness et al. 1998; Hemingway et al. 1999 ). The spectral data from the IC passes were also used to better define the lithology interpretation (Horkowitz and Cannon 1997) . This lithology information was used to refine the original open hole saturation evaluation and better define the effect of lithology on the C/O ratio. This tool provided the most important information throughout the test to monitor the saturation change in the reservoir however the logging section is not ideal for RST with its relatively shallow depth of investigation of 10 in. as the section was 12-1/4 in. hole behind 9-5/8 in. casing.
Log Results and Observations
Baseline logging An azimuthal cement bond log was run and confirmed that the isolation was good across the zones of interest. The well was perforated for two intervals (total ca. 8m) as shown by blue zones in depth track of Fig. 6 . The well was then flowed for cleanup, to ensure that the near wellbore region was as representative of the true reservoir conditions as possible. The well was shut in, and the baseline cased-hole resistivity and the pulsed neutron IC and Sigma passes were run. The cased hole resistivity log (Fig. 6 -track 2) showed that the only minor changes in fluid saturation had occurred since the well was drilled. This was interesting information since it implied that nearby wells were not draining this part of the reservoir. Track 3 shows open hole log analysis results.
Spectral analysis of the baseline IC log was used to derive a lithology column (Horkowitz and Cannon 1997) . This was used as an input to the open-hole multi-mineral analysis shown in Fig. 6 -track 8 . The lithology and porosity from the multimineral analysis were used to derive a continuous permeability index (Herron et al. 1998) shown in Fig. 6 -track 7 on a linear scale. A free fluid index was derived from the permeability using the Timur-Coates method (Flaum et al. 1998 ) normally used to derive permeability from free fluid index and porosity. The computed free fluid index represents the maximum possible combined volume of oil, CO 2 and mobile water in the formation. The remaining pore space is taken up by irreducible water (Fig. 6) .
For the purposes of the C/O interpretation the logged interval was divided up into 13 zones (Table 1 and Fig. 6 ). The definition of zone boundaries was based on the image log which shows the highly variable nature of the rock (Fig. 6 -track 9 ).
There was an oil-water contact in the borehole at the base of the perforations (zone 10) based on blue near C/O ratio log (NCOR log) in Fig. 7 -track 4 , so the pulsed neutron logs were interpreted in two intervals above and below this contact and the borehole parameters were adjusted accordingly (Fig. 7 -tracks 4 and 5) .
As the interpreted free fluid index drops, the low volume of carbon associated to oil in the formation means that the statistical uncertainty on the C/O measurement increases. In this case C/O interpretation could not be used to derive the oil volume in zone 3. No oil was detected in zone 6 before CO 2 injection (Fig. 6 -track 4) ; however some oil could be detected in the upper part of the zone after flow-back (Fig. 6 -track 6 ).
After CO 2 Injection
After injecting CO 2 , two borehole fluid contacts were observed as shown by green NCOR log in Fig. 7 -track 4 . A CO 2 -oil contact and an oil-water contact. The carbon density in the borehole oil was lower than before injection implying that the oil in the borehole was mixed with CO 2 . The accuracy of the formation evaluation was reduced at the borehole fluid contacts (zones 7 and 13) where the borehole holdup was changing rapidly (Fig. 7 -track 4) . The effect of the fluid contacts can be seen clearly in the cross-plot of far and near C/O used to estimate the oil saturation (Fig. 8) . The saturation is determined based on the location of a point with respect to the water and oil points on the log. The three clusters highlighted in red are the usable data points, the clusters highlighted in blue are the points that fall in the transition interval between different borehole fluids. The quadrilateral drawn in Fig. 8 is based on oil-water at 20% porosity, and is presented for reference only.
The formation neutron porosity deficit was used to estimate the CO 2 volume in the formation by comparing it to the baseline neutron porosity (Fig. 7 -track 2) . The cooling effect on the temperature profile in Fig. 7 -track 3 also agrees with the neutron porosity of CO 2 injected zone. As there is no hydrogen in CO 2 , the relative drop in neutron porosity implies an increase in CO 2 saturation displacing oil and mobile water. The borehole corrections were zoned to conform to the fluid contacts in the borehole. In non-permeable intervals the neutron porosity was consistent with the baseline log, confirming the correct choice of borehole correction parameters. Interestingly, the saturation of CO 2 derived from this technique was higher in the lower permeability formations (zones 3, 6 and 7) while no CO 2 was detected in the high permeability zone 4, and a moderate amount of CO 2 was detected in zone 9. This counterintuitive observation is discussed later. The neutron porosity deficit was calibrated with the oil deficit in zone 9 to give a more quantitative CO 2 volume.
C/O interpretation detected a slight increase in the oil volume in zone 4 and a moderate decrease in the oil volume in zone 9. These changes agreed with the CO 2 volumes estimated above.
After flow-back
After flow-back the borehole conditions returned to the pre-injection condition and the formation saturation returned to the pre-injection saturation except for zone 6 which showed an increase in oil saturation (see Fig. 6 -track 6, blue "Undisturbed Zone Oil Volume Fraction (VUOI)" log for after flow-back and red VUOI log for pre-injection saturation condition
Interpretation
Log Interpretation: Table 2 shows a summary of the valid fluid volumes by zone. The logs (track 5 of Fig. 6 or track 2 of Fig. 7) show that CO 2 was successfully injected into almost all the perforated intervals. The well was shut-in after injection for the soaking period and the logging after CO 2 injection was taken in this period. It is thought that in that time the oil which was displaced by the CO 2 was able to migrate back to the borehole and this was observed by volume of oil calculated from separating the five IC passes of RST into first three and last three (zone 4, Fig. 9 -track 2) . This pheonomenon can be explained that the oil which was displaced by the CO 2 was able to migrate back to the borehole during soaking time, while this pheonomenon had not yet occurred in the lower permeability zones.
As is observed in the tracks 3 and 4 of Fig. 6 , it is clear that oil of zone 6 was swept by water after over 10 years of production. However, after CO 2 injection, oil can be observed (Fig. 6 -track 6 ). The increase in oil volume in zone 6 to detectable levels is believed to be due to the CO 2 injection. Remaining filtrate may have been removed or the oil viscosity reduced sufficiently to allow the oil to migrate back to the borehole.
Validation by Reservoir Simulation Model:
Since overall CO 2 EOR effect was discussed in detail in the previous paper (Uchiyama et al. 2012 ) by using the reservoir simulation model, the summary results and discussion in terms of reservoir saturation change are described in this session.
Constructed reservoir model is radial numerical well model. In the radial model, the rock properties (permeability and porosity) were extracted from well testing data and formation logging. PVT model was constructed from the calibrated properties of the laboratory experiments to reproduce actual fluid properties. Initial saturation distribution of model setting is based on the interpretation of first RST logging as discussed in the previous section.
Basically fluid saturation change was matched reasonably and qualitatively well with three RSTs conducted during this pilot test. Fig. 10 shows the comparison of oil saturation change of wellbore grid cell in one of the layers between CO 2 Injection case and No CO 2 injection case. Oil saturation of this grid cell is changing with time during after CO 2 Injection flow. Significant oil saturation drop below residual oil saturation can be seen just after the flow for less than one day after CO 2 injection. After that, higher oil saturation can be seen which is indicating the oil bank by CO 2 EOR effect. Fig. 11 shows the proportion of injected CO 2 volume for each zone, which is qualitatively consistent with the interpreted CO 2 injection volume by neutron porosity results in Fig. 7 .
Conclusions
(1) Cased hole reservoir saturation tool is confirmed to be useful equipment to evaluate the reservoir fluid saturation change in the CO 2 -EOR Huff-n-Puff pilot test. (2) CO 2 Injected zones were qualitatively indentified and reservoir fluid saturation change could be estimated by RST tool. (3) Quantitative interpretation of the CO 2 injected volume and reservoir saturation change needs comprehensive analysis of combined test results like oil/gas/water production data, fluid property change etc. by using numerical simulation with careful model setting reflecting geology and reservoir engineering aspects. 
